Obesity is a risk factor for the development of hormone receptor-positive breast cancer in postmenopausal women and has been associated with an increased risk of recurrence and reduced survival. In humans, obesity causes subclinical inflammation in visceral and subcutaneous adipose tissue, characterized by necrotic adipocytes surrounded by macrophages forming crown-like structures (CLS). Recently, we found increased numbers of CLS, activation of the NF-kB transcription factor, and elevated aromatase levels and activity in the mammary glands of obese mice. These preclinical findings raised the possibility that the obesity!inflammation axis is important for the development and progression of breast cancer. Here, our main objective was to determine if the findings in mouse models of obesity translated to women. Breast tissue was obtained from 30 women who underwent breast surgery. CLS of the breast (CLS-B) was found in nearly 50% (14 of 30) of patient samples. The severity of breast inflammation, defined as the CLS-B index, correlated with both body mass index (P < 0.001) and adipocyte size (P ¼ 0.01). Increased NF-kB binding activity and elevated aromatase expression and activity were found in the inflamed breast tissue of overweight and obese women. Collectively, our results suggest that the obesity!inflammation!aromatase axis is present in the breast tissue of most overweight and obese women. The presence of CLS-B may be a biomarker of increased breast cancer risk or poor prognosis.
Introduction
Obesity is a risk factor for the development of hormone receptor (HR)-positive breast cancer in postmenopausal women (1, 2) . Estrogen synthesis is catalyzed by aromatase, which is encoded by CYP19. Following menopause, peripheral aromatization of androgen precursors in adipose tissue is largely responsible for estrogen synthesis (3) . The increased risk of developing HR-positive breast cancer in obese postmenopausal women has been attributed, in part, to increased levels of circulating estradiol related to both increased adipose tissue and elevated aromatase expression in subcutaneous adipose tissue (1, 2, 4, 5) . In addition to its impact on breast cancer risk, obesity has been recognized as a poor prognostic factor among breast cancer survivors (6) (7) (8) (9) (10) (11) (12) . Obesity-related effects on hormones, adipokines, and proinflammatory mediators have been suggested to contribute to the worse prognosis of obese patients (13) (14) (15) (16) .
Obesity causes subclinical inflammation in adipose tissue (2, (17) (18) (19) . In both mouse models of obesity and obese humans, macrophages infiltrate visceral and subcutaneous adipose tissue and form characteristic crown-like structures (CLS) around necrotic adipocytes (18) (19) (20) (21) . These macrophages produce a variety of proinflammatory mediators (19, (22) (23) (24) . In obese women, increased levels of proinflammatory mediators are commonly found in the circulation and may contribute to breast cancer progression and mortality (25) (26) (27) . Recently, we showed in both dietary and genetic models of obesity that CLS occurs in the adipose tissue of the mouse mammary gland in addition to visceral fat (28) . Importantly, the presence of CLS was associated with increased levels of proinflammatory mediators, which were paralleled by elevated levels of aromatase expression and activity in both the mammary gland and visceral fat. We concluded that the obesity!inflammation!aromatase axis may contribute to the increased risk of HR-positive breast cancer in postmenopausal women and the generally worse prognosis of obese breast cancer patients. In addition, we suggested that the presence of CLS may be a biomarker of increased breast cancer risk or poor prognosis.
Although CLS occurs in both visceral and subcutaneous fat in overweight and obese women, nothing is known about the existence of CLS of the breast (CLS-B) in humans. In the current study, we had 2 main objectives. Our goals were to determine whether obesity was associated with CLS-B in women and then to investigate whether obesityrelated inflammation was associated with increased aromatase expression and activity in the breast. Here we show that being overweight or obese is associated with CLS-B. Both breast inflammation and obesity correlated with increased aromatase expression and activity. Given the link between chronic inflammation and carcinogenesis in other tissues (29) , it is likely that obesity-related inflammation in the breast, as indicated by the presence of CLS-B, will contribute to both increased risk of developing breast cancer and worse prognosis in patients with breast cancer.
Materials and Methods

Materials
IgG and antibody to phospho-p65 were from Santa Cruz Biotechnology. Lowry protein assay kits, bovine serum albumin (BSA), glucose-6-phosphate, glycerol, pepstatin, leupeptin, T4 polynucleotide kinase, and glucose-6-phosphate dehydrogenase were from Sigma. Both 1b-[ 3 H]androstenedione and [g-32 P]ATP were from PerkinElmer Life Science. MuLV reverse transcriptase, RNase inhibitor, oligo(dT) 16 , and SYBR green PCR master mix were obtained from Applied Biosystems. Real-time PCR primers were synthesized by Sigma-Genosys.
Study population and samples
The study was approved by the Institutional Review Boards of Memorial Sloan-Kettering Cancer Center (MSKCC) and Weill Cornell Medical College. Women undergoing mastectomy at MSKCC were consented under a standard tissue acquisition protocol. Patients undergoing lumpectomy were excluded to ensure adequate tissue for planned analyses. A sample size of 30 women was recruited to ensure inclusion of women with a range of body mass indexes (BMI). For each patient, electronic medical records were reviewed to register menopausal status and BRCA1/2 mutation status. In 29 of 30 women, height and weight were measured to calculate the BMI. In one subject, BMI was calculated on the basis of self-reported measurements of height and weight. Standard definitions of normal, overweight, and obese were used: normal, BMI 18.5 to 24.9; overweight, BMI 25 to 29.9; and obese, BMI 30 or more.
For each of the 30 study cases, paraffin blocks and snapfrozen samples were prepared. Frozen samples were stored in the presence or absence of RNAlater (Ambion). To ensure samples were representative of normal breast tissue, specimens were examined grossly and with hematoxylin and eosin (H&E) staining by a breast histopathologist (D.G.). For cases with ipsilateral invasive tumors, samples were obtained from quadrants other than the one involved by the tumor. After the first patient was enrolled, the protocol was amended so that the number of paraffin blocks acquired per case was increased from 2 to 5 (each approximately 2 Â 1 Â 0.3 cm 3 ). Of the remaining 29 cases, all had 5 paraffin blocks, with the exception of the third case in whom there were 4 blocks. From each available tissue block, 2 sections (5-mm thick and approximately 2 cm in diameter) were stained by H&E and for a macrophage marker, CD68 (mouse monoclonal KP1 antibody; Dako; dilution 1:4,000), to identify CLS-B. All cases were reviewed by a breast histopathologist (D.G.). Light microscopy was used to assess for evidence of CLS-B. A CLS-B index (0-1.0) was defined using the following formula: (number of slides with evidence of CLS-B)/(number of slides examined).
Adipocyte diameter
Breast biopsies were photographed at 20Â, utilizing an Olympus BX50 microscope and MicroFire digital camera (Optronics). Images were stored in the tagged image file format (TIFF) and adipocyte size determined utilizing the Linear Dimensional Tool (LDT) in Canvas 11 (ACS Systems of America, Inc.). The LDT was calibrated utilizing a 20Â photomicrograph of a stage micrometer etched with 10-mm divisions. Each photomicrograph of breast adipose tissue was bisected by a vertical and horizontal line. The maximum diameter of adipocytes that fell on the vertical and horizontal lines was determined utilizing the LDT. In this manner, adipocytes were randomly selected for measurement. Two histologic slides were prepared for each biopsy. A total of 18 to 42 individual cells were measured for each patient. Photomicrographs and measurement of adipocytes were conducted blind to patient identity. To determine the reproducibility of these measurements, we photographed 2 regions from 9 biopsies and compared the average adipocyte diameters. The mean diameters of adipocytes measured in different fields from the same patient were highly correlated (r ¼ 0.95; P < 0.001).
Aromatase activity
To determine aromatase activity, microsomes were prepared from tissue lysates by differential centrifugation. Aromatase activity was quantified by measurement of the tritiated water released from 1b-[ 3 H]androstenedione (30) . The reaction was also carried out in the presence of letrozole, a specific aromatase inhibitor, as a specificity control and without NADPH as a background control. Aromatase activity was normalized to protein concentration and expressed as femtomoles per microgram of protein per hour.
Aromatase expression
Total RNA was isolated from frozen breast tissue, using the RNeasy Mini Kit (Qiagen). Poly A RNA was prepared with an Oligotex mRNA mini kit (Qiagen). One hundred nanograms of poly(A) RNA was reversed transcribed using murine leukemia virus reverse transcriptase and oligo (dT) 16 primer. The resulting cDNA was then used for amplification. The volume of the PCR was 20 mL and contained 5 mL of cDNA with the following primers: for aromatase, the forward and reverse primers used were 5 0 -CACATCCTCAATACCAGGTCC-3 0 and 5 0 -CAGAGATC-CAGACT CGCATG-3 0 , and for glyceraldehyde 3-phosphate dehydrogenase (GAPDH), the forward and reverse primers used were 5 0 -TTCTTTTGCGTCGCCAGCCGA-3 0 and 5 0 -GTGACCAGGCGCCCAATACGA-3 0 . Real-time PCR was conducted using 2Â SYBR green PCR master mix on a 7500 HT real-time PCR system (Applied Biosystems), with expression determined using the DDC T analysis protocol.
Electrophoretic mobility shift assay
Nuclear extracts were prepared from frozen breast tissue, using an electrophoretic mobility shift assay (EMSA) kit (Promega). For binding studies, oligonucleotides containing NF-kB sites (Active Motif) were used. The complementary oligonucleotides were annealed in 20 mmol/L Tris (pH 7.6), 50 mmol/L NaCl, 10 mmol/L MgCl 2 , and 1 mmol/L dithiothreitol. The annealed oligonucleotide was phosphorylated at the 5 0 -end with [g-32 P]ATP and T4 polynucleotide kinase. The binding reaction was conducted by incubating 10 mg of nuclear protein in 20 mmol/L HEPES (pH 7.9), 10% glycerol, 300 mg of BSA, and 1 mg of poly(deoxyinosinic-deoxycytidylic acid) in a final volume of 10 mL for 10 minutes at 25 C. The labeled oligonucleotides were added to the reaction mixture and allowed to incubate for an additional 20 minutes at 25 C. The samples were electrophoresed on a 4% nondenaturing polyacrylamide gel. The gel was then dried and subjected to autoradiography at À80 C.
Statistical analyses
The primary endpoints of the study included CLS-B positivity, defined as the presence or absence of CLS-B in any of the sections stained for CD68, and CLS-B index was defined as the fraction of blocks with positive CD68 staining for each case. Baseline patient characteristics including age, BMI, menopausal status, and BRCA mutation status were recorded. Average adipocyte size, aromatase mRNA levels, and aromatase activity were also obtained for each case. The association between CLS-B positivity and each baseline patient characteristic including BMI (both as a continuous variable and a categorical variable) was examined using logistic regression and Fisher's exact test where appropriate. The association between CLS-B index and BMI and between CLS-B index and average adipocyte size was evaluated using logistic regression. Strength of correlation between BMI and adipocyte size, between CLS-B index and the levels of aromatase, and between BMI and aromatase were quantified using the Spearman's rank correlation coefficient. Correlation coefficients were tested against the null hypothesis that the correlation coefficients being 0. Results with P values less than 0.05 were considered statistically significant. Correlation was considered as strong, moderate, or weak if the correlation coefficient was 0.75 or more, 0.45 or more, and less than 0.75, or less than 0.45, respectively.
Results
CLS-B is commonly found in breast white adipose tissue
From April 2010 to December 2010, a total of 30 women of median age 50 years (range, 26-70) were enrolled. Twenty-eight of the 30 women had no evidence On H&E examination of breast white adipose tissue, 7 (23%) patients had evidence of CLS-B (Fig. 1A) . Immunohistochemical staining for CD68, a macrophage marker, revealed CLS-B in 14 of 30 (47%) cases (Fig. 1B) . CLS-B was not identified in the patient who received preoperative chemotherapy. All tissue sections that were CLS-B positive by H&E staining were also CD68 positive. Given the higher sensitivity of detecting CLS-B by using CD68 immunohistochemistry compared with H&E, subsequent analyses were based on results obtained with CD68 immunohistochemistry. Notably, CLS-B was identified in both premenopausal and postmenopausal women as well as in 2 of the 7 BRCA mutation carriers.
Elevated BMI is associated with breast inflammation
To evaluate the association between BMI and CLS-B, we compared the percentage of cases positive for CLS-B among patients who were normal BMI, overweight, or obese. Increasing BMI was associated with increased likelihood of having CLS-B. Specifically, CLS-B was observed in 7 of 10 (70%) overweight and 6 of 8 (75%) obese patients whereas only 1 in 12 (8%) normal weight patients had evidence of CLS-B (P ¼ 0.003; Fig. 2A ). We also investigated whether the severity of inflammation, as determined by CLS-B index, varied according to BMI. Of the 14 CLS-B-positive cases, 7 patients had a CLS-B index of 0.2, 2 patients had a CLS-B index of 0.4, 2 patients had a CLS-B index of 0.6, 2 patients had a CLS-B index of 0.8, and 1 patient had a CLS-B index of 1.0. Importantly, increasing BMI was associated with increasing CLS-B index in logistic regression analysis (P < 0.001; Fig. 2B ).
In human subcutaneous and visceral fat, increased adipocyte size has been associated with adipocyte cell death and the presence of CLS (18) . In fact, adipocyte hypertrophy has been associated with obesity-related adipocyte death. Given this background, the relationship between BMI and adipocyte diameter in the breast was determined. A positive correlation was observed between BMI and adipocyte size (P < 0.001; Fig. 3A) . Notably, increasing adipocyte size was associated with a statistically significant increase in the CLS-B index (P ¼ 0.01; Fig. 3B ).
Breast inflammation is associated with increased aromatase expression and activity
Next, we determined if obesity-related breast inflammation was associated with increased levels of aromatase.
Levels of aromatase mRNA and activity were determined in breast tissue from each of the 30 subjects and correlated with BMI ( Fig. 4A and B) and CLS-B index (Fig. 4C and D) . Both elevated BMI and breast inflammation were associated with increased amounts of aromatase mRNA and activity. Levels of aromatase mRNA correlated with both BMI (r ¼ 0.42, P ¼ 0.02) and CLS-B index (r ¼ 0.75, P < 0.001), but the correlation was stronger with CLS-B index. Similarly, aromatase activity correlated more strongly with CLS-B index (r ¼ 0.88, P < 0.001) than BMI (r ¼ 0.5, P ¼ 0.02).
Activation of NF-kB, a transcription factor implicated in obesity-related inflammation (19, 28) production of several proinflammatory mediators that can induce aromatase. Hence, EMSA was carried out to determine NF-kB binding activity, using nuclear protein from breast samples with or without CLS-B. Breast samples containing CLS-B were from overweight or obese women. As shown in Figure 5A , NF-kB binding activity was higher in samples containing CLS-B. Supershift assays indicated that p65 was present in the binding complex (Fig. 5B) .
Discussion
Although the connection between obesity, systemic inflammation, and breast cancer has been suggested, little is known about inflammation in the breast tissue itself. This is particularly important because chronic inflammation of other tissues including the colon, liver, pancreas, and stomach seems to increase the risk of site-specific cancers (29) . Subclinical breast inflammation has not been previously described, nor associated with cancer risk. We recently identified inflammatory lesions (CLS) in mouse mammary glands in both dietary and genetic models of obesity (28) . In mice, the presence of CLS was associated with activation of NF-kB and increased levels of proinflammatory mediators, which were paralleled by elevated levels of aromatase. The discovery of the obesity!inflammation axis and its association with CLS in mice provided insight into potential mechanisms underlying the increased risk of breast cancer in obese postmenopausal women. Hence, it was important to determine whether similar effects occur in women. CLS-B has not been described in past studies. In the absence of evidence of a potential role for CLS-B in carcinogenesis, little attention may have been given to these inflammatory lesions. In addition, routine H&E staining seems to be inadequate for easy identification of these lesions. Indeed, special stains for CD68, a macrophage marker, led to the detection of numerous CLS-B-positive tissue sections that were missed on routine H&E staining. Therefore, future studies of CLS-B should not rely exclusively on H&E staining.
In the current study, nearly 50% of women had CLS-B. Consistent with our findings in mice, the presence and severity of CLS-B correlated with being overweight or obese. However, CLS-B was not found in all overweight and obese women and was observed in the breast tissue of 1 lean woman. Possibly, women with CLS-B will be at greater risk for developing breast cancer than women of similar body mass without CLS-B. The underlying mechanisms that account for why women of similar BMI differ in their sensitivity to developing CLS-B are unknown. Previously, avoiding obesity during adolescence was suggested to delay the onset of breast cancer in carriers of BRCA1 or BRCA2 mutations (31). We found CLS-B in overweight women who are carriers of BRCA1 or BRCA2 mutations. Perhaps, avoiding obesity will prevent CLS-B formation and thereby suppress breast carcinogenesis in high-risk women and others. A related question concerns the possibility that adipocyte hypertrophy might promote obesity-associated adipocyte death, leading, in turn, to CLS-B formation. Consistent with previous reports for visceral and subcutaneous fat (18), we found that obesity was associated with adipocyte hypertrophy in the breast. Moreover, a correlation between adipocyte hypertrophy and CLS-B was observed. A potential limitation of the current study is the inclusion of patients with cancer. Although there is no evidence that CLS-B is a consequence of cancer, similar studies should be conducted in cancer-free individuals. This is particularly important if CLS-B is to be evaluated as a biomarker of cancer risk.
The increased risk of HR-positive breast cancer in obese postmenopausal women has been attributed, in part, to elevated levels of circulating estradiol related to both increased adipose mass and elevated aromatase expression in subcutaneous adipose tissue (1, 2, 4, 5) . Here we show, for the first time, that levels of aromatase are increased in breast tissue obtained from obese compared with lean women. This finding is consistent with the results of previous studies that found higher levels of aromatase in thigh and abdominal adipose tissues from obese versus lean individuals (32) . Several proinflammatory mediators induce aromatase (33, 34) . Therefore, our finding that inflammation commonly occurs in breast tissue of overweight and obese women provided a rationale for determining whether the severity of breast inflammation (CLS-B index) correlated with levels of aromatase mRNA and activity. Levels of both aromatase mRNA and activity correlated with the severity of breast inflammation. The correlation was stronger with the severity of breast inflammation (CLS-B index) than with BMI. This difference in the strength of the correlation can be explained at least, in part, by evidence that not all overweight or obese women have evidence of breast inflammation in the form of CLS-B. In preclinical studies, we showed that activation of NF-kB induced the transcription of several proinflammatory mediators (COX-2, TNF-a, and IL-1b) that acted, in turn, to induce aromatase expression and activity (28) . Consistent with these findings, elevated NF-kB binding activity was found in the inflamed breast tissue of overweight and obese women. On the basis of these results, additional studies are warranted to determine whether levels of proinflammatory mediators correlate with both the CLS-B index and aromatase levels. Collectively, these findings suggest that the obesity!inflammation!aromatase axis is present in the human breast. Given the recognized importance of aromatase activity in both the development and progression of HR-positive breast cancer, it is highly likely that obesity-mediated inflammation contributes to breast carcinogenesis. Furthermore, CLS-B may prove to be an early biomarker of breast cancer risk or prognosis (35) . Recently, obese women with breast cancer were found to derive less benefit from aromatase inhibitors than lean women (36) . One potential explanation for this finding is that the dose of aromatase inhibitor required to maximally suppress estrogen production needs to be higher in obese women than in lean women. Our finding that aromatase levels and activity are higher in the breast tissue of obese women than that in lean women supports this possibility. Here we show a strong positive correlation between CLS-B index and aromatase expression and activity. Therefore, future studies should determine the utility of the CLS-B index in addition to BMI as a predictor of the dose of aromatase inhibitor required to maximally inhibit estrogen production. In the overweight and obese, if the CLS-B index predicts the dose of aromatase inhibitor required to maximize clinical benefit, then measurements of the CLS-B index could allow for the dose of aromatase inhibitor to be personalized.
In addition to being a risk factor for the development of postmenopausal breast cancer, obesity is recognized to be a poor prognostic factor among breast cancer survivors (10, (13) (14) (15) (16) . Additional data are needed to determine if CLS-B can be used as a prognostic biomarker in patients with a diagnosis of breast cancer. In breast cancers, an inverse relationship exists between the number of tumor-associated macrophages and prognosis (37, 38) . Whether the same will be true for CLS-B, which are enriched in macrophages, remains to be evaluated.
Although our studies are the first to suggest that obesitymediated breast inflammation may drive the estrogen synthesis that increases the risk of postmenopausal HR-positive breast cancer, chronic inflammation increases the risk of numerous other malignancies (39) . Multiple mechanisms have been identified that can explain the link between chronic inflammation and cancer risk (39) . Recently, obesity was suggested to increase the risk of triple-negative breast cancer in addition to HR-positive breast cancer (40) . Perhaps, chronic breast inflammation contributes to this process by a yet to be defined mechanism. The discovery of the obesity!inflammation!aromatase connection provides a platform for developing risk reduction strategies. Studies are underway with the goal of developing lifestyle, dietary, or pharmacologic strategies to disrupt the inflammatory process and thereby reduce the risk of developing breast cancer or improve outcomes.
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